Processing methods used for banking of skin for subsequent therapeutic use depend on whether the skin is to retain viability or not. For viable skin grafts, sterilisation techniques cannot be applied, however antibiotics and antimycotics may be used to disinfect the tissue with respect to bacteria and fungi. Nevertheless, strict standards are applied to avoid disease transmission from donor to recipient involving donor medical history, donor testing for viral diseases, aseptic retrieval and processing, and control of storage temperature. Cryopreservation is the preferred method for long term storage of viable skin grafts. If viability is not required, then additional long term preservation methods may be used including deep-freezing, freeze-drying or high concentration solute preservation. All three methods work by reducing water activity. In addition it is possible to apply certain sterilisation techiques that have been shown not to damage the tissue. It is important that sterilisation methods are validated in accordance with precise definitions of sterilisation, and for the initial levels of bbioburdenQ expected to be present immediately prior to application of the sterilisation method. The application of improved and refined methodologies in accordance with defined standards has ensured improved graft performance while reducing risk to the recipient. D 2005 Elsevier Inc. All rights reserved.
Introduction
Allogenic skin may be banked as viable or as nonviable grafts. This choice critically affects the way in which the skin is processed and preserved.
Viable skin allografts
Viable skin allografts may be obtained from living donors or, more frequently, from cadaveric donors. In the latter case, immediately after circulatory arrest, the skin becomes ischemic. This leads to progressive cell death over a period of days, which is accelerated at higher temperatures. 1 Even if the cadaver is immediately placed into a refrigerator, the body cools at a slow rate, leading to at least some warm ischemia time. Nevertheless, viable skin can still be retrieved up to circa 24 hours after death. If the body is not quickly refrigerated, however, the skin will be subjected to a much longer warm ischemia period resulting in an accelerated deterioration in viability. Once the skin is removed from the body, however, it can be cooled rapidly by immersion into a refrigerated solution, thus immediately reducing the rate of cell death. transmission of HIV from a skin donor to a recipient has been reported. 2 Apart from viral diseases, there is also the possibility of transferring pathogenic bacteria or fungi and parasites on or within the skin allograft. There is now a reasonable consensus around the world as to the methods used to minimize the risks of disease transmission. Detailed standards and guidelines are issued by national organizations/associations such as the National Blood Service, 3 British Association for Tissue Banking, 4 and multinational organizations, for example, European Association of Tissue Banks. 5 It is important that local standards be consulted because certain diseases may be confined to, or novel diseases arise in, certain parts of the world. The recent spread of West Nile virus in the United States and severe acute respiratory syndrome in China are cases in point. A brief summary of the generic approach is given below.
Screening of donor medical/behavioral history
Medical records held by hospitals, family doctors, and others must be screened for conditions that would exclude donation. This may include current systemic infection, diseases of unknown etiology, and previous infections with the possibility of current carrier status (hepatitis, malaria, etc). It may also be prudent to exclude a history of malignant disease particularly if the skin might be used on immunosuppressed patients, for example, those suffering massive burn injuries. Behavioral history may also be grounds for rejection of the donor owing to the high correlations between activities such as intravenous drug abuse and viral infections such as HIV and hepatitis.
Reducing the risk of hematogenous spread of bacteria
Tissue banking standards generally set limits on the maximum warm and cold ischemia times permitted after the death of the donor, because it is known that bacteria from the gut can be released into the vascular system postmortem and migrate to the internal organs and tissues.
Reducing the population of bacteria residing on the skin
Skin tissue possesses a mixed commensal population of bacteria and fungi that lives primarily in or around the hair and sebaceous follicles. 6, 7 With the exception of Staphylococcus aureus, most of these are relatively nonpathogenic. In addition, transient populations of contaminating bacteria, however, may also be naturally present, or may result from contamination during the skin retrieval process. Even the commensal bacteria may damage the skin if subsequently allowed to grow during the skin storage period to reach massive population densities. Therefore, it is important to try to eliminate or minimize the microbial population of skin before retrieval. This is generally achieved using skin prepping techniques similar to those used on the skin of patients undergoing operations in hospital. When banking skin in a viable state, it is important to validate that the prepping agents have been adequately removed before harvesting the skin, and that any residuals are not toxic to the skin cells.
Although effective in reducing the bioburden, skin prepping is unlikely to totally eliminate bacteria. It is therefore essential to prevent proliferation of any residual bacteria after retrieval, during transportation, and during subsequent processing. Maintaining the skin at refrigerator or wet ice temperatures prevents the proliferation of most bacteria.
To eliminate residual bacteria and fungi in viable skin, an antibiotic/antimycotic cocktail may be used. If used at reduced temperatures (48C), the skin may be incubated for up to 24 hours in the cocktail; however, only antibiotics that are effective at this temperature should be included. At normothermic temperature (378C), most antibiotics can be considered; however, the exposure period should be minimized.
Refrigerator storage
Even if the skin is placed into an oxygenated nutrientrich medium, ischemic necrosis of the tissue still occurs because the diffusion path from the tissue periphery to the central cells is extensive. Therefore, oxygen and nutrients cannot diffuse fast enough to supply the cells, and toxic metabolites cannot be removed quickly enough. This results in a central necrosis that radiates out to eventually include all of the tissue. Reducing the temperature reduces the metabolic rate of the cells and hence the nutritional demands and metabolite production. Therefore, one method that has been explored for the viable storage of skin is the use of refrigerator temperatures with or without nutrient media.
As early as 1903, Wentscher 8 reported the successful storage and grafting of skin autografts at temperatures near 08C for 14 days. Further studies by Carrel 9-11 using normothermic and hypothermic storage conditions confirmed the utility of the latter. Eventually, refrigerator storage for skin autografts became the norm in burn units. The simplest technique was to fold the skin so that the cut surfaces were in apposition and then wrap the skin sandwich in tulle gras and/or saline gauze to prevent desiccation. 12, 13 Using this method, autologous skin can be used after around 2 weeks of storage, although cell viability is very low at this point. Unlike autograft, allograft has already lost some viability by the time it is retrieved; therefore, maximum storage times using this method are reduced to 7 or 8 days. 14 Because extensive microbiology screening, however, is required, together with scrutiny of the medical records, postmortem report, and so on, this short storage period is insufficient.
Many attempts have been made to extend the refrigerator storage period for skin. Addition of homologous serum at 10% to 33% was found to be beneficial because it provided nutrients and diluted and buffered acids produced as byproducts of metabolism. 15, 16 Alternatively, tissue culture media as a source of nutrients and various buffering systems have been evaluated. [17] [18] [19] [20] [21] These, however, only extend slightly the period of useful storage. Therefore, although refrigerator storage of skin has proved to be a useful method for the temporary storage of viable autografts, it is not currently suitable for allografts.
Cryopreservation
A better method for the long-term preservation of skin grafts is cryopreservation. This technique facilitates the cooling of tissues to ultralow temperatures while protecting the viability of the cells. For any cell type, there is an optimum cooling rate that produces maximal cell survival. To either side of this optimum, the survival falls away ( Fig. 1 ). At cooling rates faster than the optimum, intracellular ice appears, causing the cell to die. 22 In contrast, when cooling is slower than the optimum, the cells spend longer time exposed to very high salt concentrations that build up as the water is removed from solution to form extracellular ice crystals. The cells also shrink because of osmosis. 22 When there are different types of cells within a tissue, it is unlikely that each cell type will exhibit the same optimum cooling rate. Therefore, maintaining high viability for all of the cells would be impossible. This can be achieved, however, if cryoprotective chemicals are added to the cells before freezing.
Several cryoprotective chemicals have been identified since the chance discovery by Polge et al 23 that glycerol was able to protect sperm cells from cryogenic damage. The general properties of cryoprotectants are that the molecules can pass through the cell membrane into the cell and be relatively nontoxic at very high multimolar concentrations. The commonest cryoprotective agents (CPAs) are glycerol and dimethyl sulfoxide. 24 Cryoprotective agents are able to prevent solution effect injury. Their mode of action is probably 2-fold. First, they act as solvents for the salt, thus reducing the salt concentration that the cells are subjected to at the high subzero temperatures (where solution effects are most damaging). In addition, their presence within the cells prevents excessive shrinkage of the cells during this cooling phase. 25 Therefore, in the presence of CPAs, it is possible to use very slow cooling rates that minimize intracellular ice formation while protecting the cells against solution effects. High viabilities of all cell types can thus be achieved using this slow cooling rate. For many tissues, the optimum cooling rate is around À18C per minute when CPAs are used.
Although CPAs are relatively nontoxic at low temperatures, the toxicity can become significant at higher temperatures. In addition, the rate at which CPAs enter the cells is temperature and CPA dependent, being faster at higher temperatures. Therefore, the optimum temperature and the exposure time need to be validated.
The basal medium into which the CPA is dissolved for incubation of the skin tissue should be a balanced salt solution, and many of the commercial tissue culture media have proved to be satisfactory. 26 Many buffering systems used for media at normothermic temperatures, however, lose their buffering capacity at lower temperature. For cryopreservation purposes, the zwitterionic buffers HEPES and TES have been shown to work well. 24, 27, 28 A cooling rate of À18C per minute can be achieved accurately by using a controlled-rate cooling apparatus; an approximation can be achieved, however, by placing tissue in an insulated container within a deep freeze or a vapor phase of liquid nitrogen. 1, 24, 26, 29 Many different protocols have been advocated for the packaging and long-term storage of skin, ranging from rolls of skin within a tube 30 to the use of flat packs [31] [32] [33] in metal laminated pouches. The latter are generally preferred, in that the greater surface area to volume ratio ensures more even cooling across the skin tissue, and the metal laminates are good conductors of heat. The tissue is normally packed in 2 flat pack bags (an inner and an outer bag), both of which are sterile. This facilitates aseptic handling during the thawing and clinical application of the skin tissue.
In the presence of CPA, a cooling rate of À18C per minute will ensure survival of most of the cells within a tissue; as the cooling rate is increased; however, cell populations are sequentially adversely affected. Many cells in the body derived from leukocytes or closely related lineages are known to be exquisitely sensitive to cryogenic injury. The depletion of immunostimulatory bpassenger leukocytesQ was demonstrated by increasing the cooling rate for pancreatic islets of Langerhans while maintaining the viability of the insulin-producing islet cells. 34 This concept of cooling rate-dependent immunomodulation was evaluated for skin tissue. 35 A cooling rate of À308C per minute was shown to maintain the viability of keratinocytes and fibroblasts while reducing the immunogenicity (as assessed by the mixed epidermal cell/lymphocyte response assay) of murine allografts by 95%. This was assumed to be due to an effect of the faster cooling rate on the major immunostimulatory cell in the skin-the Langerhans cell.
Once skin tissue has been cooled by a controlled-rate process to at least À808C, it can then be transferred for longterm storage into the vapor phase of liquid nitrogen (below À1308C). The vapor phase is currently preferred owing to cases of virus transmission between packs of bone marrow that were stored in the liquid phase, presumably because of gross contamination of the giving set ports on the marrow bags by viruses present in the liquid nitrogen. The nitrogen had become contaminated by the rupture of a bag containing marrow from a patient subsequently shown to be positive for hepatitis B. 36 Once the skin is at a temperature lower than À1308C, no further loss of cell viability is incurred. When the skin is required for grafting purposes, it should be transported to the user hospital either in a liquid nitrogen dry shipper (at temperatures below À1308C) or together with dry ice (CO 2 ) in an insulated container (À798C). The optimum thawing procedure is a rapid warming method. This can be achieved by plunging the packs of skin into a 378C water bath until the tissue is just thawed (prolonged storage at 378C in the presence of the CPA would be detrimental). The outer bag can then be disinfected and cut along the margin, and the inner bag removed aseptically to a sterile field. After aseptic opening of the inner bag, the skin is removed to a sterile kidney dish and rinsed to remove the CPA solution. Because the cells contain high concentrations of CPA, they are hyperosmotic compared with normal saline. To avoid osmotic lysis of the cells, either the saline can be added gradually or an impermeant solute such as sucrose can be added to the saline to reduce the difference in osmolarity. 37 As soon as the washing procedure is completed, the skin should be applied immediately to the wound. Viability declines rapidly after thawing of the skin 38 and further storage before use cannot be recommended.
Nonviable skin allografts
Because skin cell viability is not retained in nonviable allografts, this opens up many more possibilities for the preservation and sterilization of the skin tissue.
Preservation
The principle for all methods of long-term preservation is to avoid the degradative changes that may occur in the presence of water. These include microbial growth that not only would pose an infection risk but also would result in damage to the matrix. Enzymatic degradation from enzymes released from the skin cells or bacteria could cause significant damage. 39 Oxidation reactions may occur; for example, lipid peroxidation is a chain reaction that results in rancidity of fats and toxicity in bone. 40 Hydrolytic reactions can also damage matrix components. All of these detrimen- tal reactions are dependent on water being present (Fig. 2) . Therefore, the removal, immobilization, or sequestration of water is the basis for long-term preservation of tissue grafts. This can be achieved in 3 main ways:
1. Deep freezing. At the freezing point of the tissue, ice nucleation occurs. As the temperature falls further, ice crystals form and existing crystals grow. Ice crystals are pure water and hence the remaining solution becomes progressively concentrated. Eventually, the point is reached at which there is too little free water left in solution to facilitate the microbial growth and the degradative chemical reactions. At this temperature, long-term preservation is achieved. In practice, storage in a À808C deep freeze has proved satisfactory for long-term storage. 2. Freeze drying. This process involves the removal of water from skin in the frozen state by sublimation, which is achieved by applying a vacuum to the tissue and condensing the removed water molecules downstream. 25 Sublimation from the frozen state helps to protect molecules that would otherwise be adversely affected by high salt concentrations at higher temperatures, for example, denaturation of proteins. Drying must continue until enough water has been removed to prevent degradation reactions, which equates to less than 5% residual water as measured gravimetrically. Although accepted in most tissue banking standards, bresidual waterQ is not identical to bwater activity,Q which is the most appropriate measure. 41 The US Navy Tissue Bank was the first to commence large-scale freeze drying of human tissues for implantation in the early 1950s. In 1955, the use of freeze-dried skin was first reported. It was subsequently shown that freeze drying reduced the immunogenicity of skin 42 without interfering with its beneficial properties. 31, 32, 43, 44 3. Use of high-concentration solutes. High concentrations of salts or sugars have been used for centuries for the long-term preservation of food items. The principle here is that each solute molecule is able to sequester water molecules in a hydration shell around the molecule. The water within the hydration shell is almost crystalline in nature and is unable to participate in other chemical reactions. The Euroskin Bank developed a solute preservation method using glycerol. 45 The skin was incubated in successively more concentrated glycerol solutions (50%, 70%, and 85%) and maintained long term in 85% glycerol. More recently, the glycerol and water flux kinetics have been characterized and a more efficient validated protocol was proposed. 46 The water activity of skin in different glycerol concentrations has been measured using a commercially available instrument. 41 This study demonstrated that the 85% concentration originally chosen by the Euroskin Bank is optimal for minimizing degradative reactions.
When the glycerolization technique is used to preserve the skin, it is very important that the glycerol is removed from the skin before clinical use. This is achieved by repeatedly washing the skin in physiological saline, and the process must be validated by the skin bank. At least 30 to 60 minutes are required to remove most of the glycerol. 46 Failure to remove glycerol may lead to high systemic concentrations when used on open wounds. At high doses, glycerol has toxic effects on muscles leading to myonecrosis. Muscle breakdown products may result in renal failure and even death. 47, 48 The LD 50 for glycerol is 0.00442 ml/g. 49 
Sterilization of nonviable skin allografts
For viable skin allografts, it is not possible to apply a sterilization technique because sterilization methods tend to inactivate human cells at an equal or greater rate than for the bacterial cells. The best that can be achieved is a combination of serology screening for viruses and bacterial disinfection using antibiotic cocktails. For nonviable grafts, a range of sterilization techniques can be considered. Dry heat and autoclaving damage the structure of the skin tissue, including denaturation of collagen, and hence are not suitable. Techniques that have been successfully used include ethylene oxide gas 50 and c irradiation. 51 Concerns and limitations of these methods, however, are beginning to appear. Ethylene oxide gas and its reaction product with chloride-ethylene chlorohydrin-are very toxic. Although acceptable levels for these compounds had been proposed, 52 more recent data suggest that there is no safe level of ethylene oxide with respect to genotoxicity. There is therefore a move away from the use of this sterilant.
Questions have also been raised about the effectiveness of c irradiation. Many small viruses and spore-forming bacteria are fairly resistant to c irradiation. The high doses that would be required to inactivate HIV in a window-period donor (more than 80 kGy) 53 would cause extensive damage to the tissue matrix including collagen denaturation. Therefore, a current consideration is whether bsterilizationQ can be achieved instead by using combinations of microbial inactivation procedures. To understand how this might be achieved will require an understanding of the concept of sterilization.
When a given microbial inactivation procedure is applied to a particular situation, the rate of microbial inactivation usually approximates that shown in Fig. 3 ; that is, an increasing amount of inactivation is required for the fewer and fewer surviving microorganisms. Although the line becomes vanishingly close to the x-axis, it never crosses it; thus, it is asymptotic. Therefore, it is never possible to guarantee the absence of microorganisms. Sterility is a statistical phenomenon.
If a log 10 scale is used for the microbial population density, then the inactivation curve approximates a straight line. From this straight line, the D value can be calculated. This is the sterilization dose required to reduce the microbial density by 1 log 10 (90%) (Fig. 4) . Where the line crosses the x-axis indicates there is an average of less than 1 viable organism per item being sterilized. Again, this is a statistical phenomenon so that when 10 À1 is reached, this indicates 1 viable microbe for every 10 items being treated. The Food and Drug Administration has recently indicated that to claim sterility of a banked tissue product, enough sterilization dose should be applied to reach the 10 À6 level, that is, 1 viable microbe per 1 million tissue items sterilized. Because it is not possible to destructively culture 1 million tissue grafts, the value is obtained by extrapolation of the line in Fig. 5 to the 10 À6 level using the D value concept. This is referred to as the 10 À6 sterility assurance level (SAL). To reach the 10 À6 SAL level from the x-axis clearly requires 6 D values. Additional D values, however, are required to move from the original bioburden to the x-axis. If the initial bioburden is low, for example, only 10 microbes per graft, then log 10 of 10 = 1, that is, 1 additional D value is required, giving a total of 7 to reach a SAL of 10 À6 . If, on the other hand, there are 1 million microbes per graft, then log 10 of 10 6 = 6, that is, 6 additional D values are required, giving a total of 12.
In a study of ethylene oxide sterilization of bone grafts, 54 the D value was shown to be 8 minutes exposure to the gas. Therefore, in this case, 7 D values equate to 56 minutes of exposure, whereas 12 D values require 96 minutes of exposure.
With c irradiation, the D value for Clostridium species is around 3 kGy. 55 Taking again bioburdens ranging from 10 1 to 10 6 bacteria per graft (requiring a total of 7 and 12 D values, respectively, to reach the 10 À6 SAL), the respective irradiation doses required would be 21 and 36 kGy. Irradiation doses above circa 25 kGy cause collagen denaturation. Therefore, in the latter case, rather than relying on irradiation to achieve all of the required 10 12 reduction, it would be preferable to use an alternative method to reduce the initial bioburden, for example, to circa 10 1 and then irradiation for the final reduction step.
The author has recently evaluated the use of peracetic acid for sterilization of skin grafts. 56 A major advantage of this chemical agent is that its breakdown products-acetate, water, and oxygen-are nontoxic. Peracetic acid-treated skin has been shown to exhibit biocompatible properties in vitro and to be compatible with the high-concentration glycerol preservation technique. Whether peracetic acid alone can achieve a SAL of 10 À6 is currently under investigation.
Application of a sterilization step will significantly reduce the risks of cross-infection and therefore will support the use of the nonviable skin for non-life-threatening wounds such as ulcers. There is evidence that repeated application of skin grafts to ulcers can reduce the bacterial load and help to condition the wound bed to stimulate healing or prepare the wound for an autograft. [57] [58] [59] 
Conclusions
Skin allografts continue to be an important therapeutic tool. The development of surgical skin banking in individual burn units has largely given way to large regional or national skin or multitissue banks. This has facilitated rigorous tissue processing and scientific validation of processing procedures used. Increasing regulation and accreditation of skin banks by governmental and intergovernmental agencies have further strengthened skin processing and banking standards, thus ensuring high levels of safety and efficacy.
